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The  Role  of  MeUI  Structure  in  Determining 
Solvent  Orientation  at  the  Electrode/Solution 
Interface 

W  Ronald  Fawcett 
Depanment  of  Chemistiy 
Umveisity  of  California 
Davis,  CA  95616 

It  is  well  known  that  double  layer  propemes  for 
aqueous  soluuons  depend  on  both  the  naone  of  the  metal 
and  on  its  structure  [1].  In  the  case  of  silver  electrodes, 
Valette  and  Hunelin  [2]  demonstrated  that  the  effea  of  the 
solvent  on  inner  layer  properties  is  best  determined  in  the 
presence  of  NaF  as  electrolyte,  the  fluoride  anion  being 
only  very  weakly  adsorbed.  The  value  of  the  inner  layer 
capacity  has  a  maaimum  value  at  a  cluuge  density  of  4.5 
pC  cm'2  for  the  low  index  planes  of  silver,  the  highest 
value  being  observed  for  the  ( 1 10)  face  and  the  lowest  for 
the  most  douely  packed  face,  namely,  the  ( 1 1 1 ) 
orientation.  The  maximum  value  of  the  inner  layer 
capacity  is  more  than  100  pFcnr^  for  all  three  low  index 
iice*  and  falls  off  to  considerably  lower  values  when  the 
electrode  charge  density  changes  so  that  only  one 
maximum  is  seen  on  the  inner  layer  capacity  •  cl^e 
density  curve  within  the  polarizable  range  on  a  silver 
electrode  [2].  Valette  [3]  fitted  data  for  the  inner  layer 
capacity  against  charge  density  obtained  for  the  { 1 10) 
silver  face  in  water  to  a  sm^le  model  in  which  the 
pi'edominant  species  at  the  interface  are  water  clusters  and 
showed  that  the  essential  features  of  the  capacity  curve 
could  be  attributed  to  cluster  reorientation. 

The  purpose  of  die  present  study  wcs  to  deteimine 
whether  a  three  state  model  with  orienttble  solvent  dipoles 
[4]  can  describe  the  differences  observed  with  change  in 
the  nature  of  the  face  of  the  ciystal  exposed.  Indus 
regard,  the  (100)  and  ( 1 1 1 )  faces  of  a  face  centered  cubic 
ciystal  have  quite  different  atomic  atrangements,  and 
therefore  different  coordination  numbers  of  the  metal 
atoms  with  nearest  neighboun  in  the  exposed  crysul  face. 
Thus,  the  { 100)  face  has  a  square  lattice  of  atoms  with 
each  atom  having  four  neate.st  neighbours,  whereas  the 
(111)  face  has  a  hexagonally  close  packed  arrangement, 
each  atom  having  six  nearest  neighboun  (1).  Ifthe 
solvent  molecules  in  the  first  monolayer  at  the  interface 
follow  the  meul  pattern,  then  one  expects  differences  in 
the  dipolv  interactions  in  the  monolayer  and  in  its  resulting 
dielectric  propeities  [5, 6).  In  developing  a  model  to 
describe  the  piopmes  of  a  dipolar  monolayer  it  is 
important  to  consider  lateral  interactions  between  dipoles 
adsorbed  with  then  vectors  parallel  to  the  interface  [7, 8). 

A  method  of  incorporating  these  interactions  within  the 
context  of  the  three  state  model  based  on  the  Kikuki 
method  (9)  was  described  recendy  (10)  in  which  the  basic 
umt  consisted  of  a  triangular  cluster.  In  the  present  paper, 
this  method  is  applied  to  clusters  containing  four  molecules 
eiiher  m  a  square  arrangement  or  a  hexagonally  close 
packed  configuration  (see  Rgure  1).  It  is  readily  apparent 
that  the  effects  of  lateral  interactions  are  more  important  m 
the  hexagonally  close  packed  lattice. 

Inner  layer  capacity  against  charge  density  curves 
were  esumated  for  the  two  lattices  using  the  methods 
desenbed  previously  (10).  The  partition  function  for  a 


given  value  of  the  local  fieldf  vas  estimated  on  the  basis 
of  the  8 1  possible  configurations  for  die  four  member 
cluster  considering  three  possiUe  orientations  of  each 
dipole,  namely  "up",  "down"  and  "panllel"  with  respect  to 
the  geometrical  elecnode/stdution  interface.  Thi  s,  the 
partition  function  is  given  by 
81 

q  =  ^  e'^i^’^  (1) 

i=l 


where  Ut  ■  (Uei  +  Ua  +  Uxy  +  Uiin)i  (2) 

The  contributions  to  the  internal  energy  of  configuration,  i, 
come  fiom  interaction  of  the  dipoles  with  the  external  field 
(Uex),  interactions  between  nearest  neighboun  in  the 
direction  of  the  field  (Uzz).,  interaction  between  nearest 
neighboun  parallel  to  the  interface  (Uxy),  and  interaction 
with  images  in  the  electrode  (Un).  For  a  given  local 
field,  ^  ,  the  avenge  orientation  in  the  monolayer  is 


<s> 


-kT  9lnq 


(3) 


where  p  is  the  magninide  of  the  dipole  tnoment  and  the 
parameter  s  has  values  of  -f  1  when  the  dipole  has  its 
positive  end  pointing  to  the  surface  ("up''),  -1  for  the 
opposite  orientation  ("down”),  and  0  when  the  dipole  is 
pa^lel  to  the  surface  ("paraliel").  The  expression  for  the 
potential  drop  across  the  monolayer  is  given  by 


A^.5L^^Ni<!>E  (4) 

eo  Eo 

and  that  for  the  reciprocal  of  the  mner  layer  aqwdty  by 
1  4  ^  ^  5<»>  ... 

ss  +  -a;  „  (5) 
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where  de  is  the  effective  thickness  of  the  inner  layer.  Nr, 
the  number  density  of  solvent  dipoles  in  the  monolayer, 
andecthepertnittivinoffiee^iace.  Estimation  of  <s> 
requires  knowledge  of  the  effective  coordination  number 
beyond  the  cluster.  In  the  absence  of  imaging  (Uim'*0), 
this  was  assumed  to  be  1 1 .03  •  6  >  5.03  for  a  hexagonal 
lattice  and  9.03  -  4  ■  5.03  for  a  square  lattice  (9).  When 
imaging  is  included  these  values  change  to  7.87  for  the 
hexagonal  lattice  and  7.41  for  the  square  lattice  (9, 10). 

Capacity  curves  estimated  for  the  two  configurations 
are  shown  in  Figure  2.  The  symmetrical  namre  oif  the 
results  with  respect  to  the  point  of  zero  chvge  (p.z.c.)  is 
due  to  the  fact  that  no  difference  in  chenacal  Interact^ 
with  the  metal  is  assumed  between  the  "up"  and  "down" 
orientations.  Dipoles  in  the  parallel  orientation 
predominate  at  the  p.z.c.  in  the  hexagonal  lattice  (Figure 
3).  This  result  is  clearly  due  to  the  fact  that  lateral 
interactions  were  considered.  As  the  electrode  charge 
denary  is  made  more  positive,  the  ftacoon  of  "down" 
dipoles  increases  and  that  of  "parallel"  dipoles  decreases. 
This  leads  to  the  capacity  maximum  near  9  nC  cm'*.  The 
same  changes  are  also  accompanied  by  an  increase  in  the 
fraction  of  "up"  dipoles  which  are  pruoit  in  clustets 
favored  by  the  net  local  field.  However,  thrir 
concentration  is  approximately  an  or^  of  magnitude 
lower,  and  decreases  at  higher  charge  densities.  When  the 
present  results  ate  compai^  to  those  obtained  without 
consideration  of  lateral  interactions,  the  impcmance  of 
these  interactions  is  readily  apparent. 

Capacity  curves  for  tlM  square  lattice  rue  rimilir  in 
shape  but  the  capacity  maxima  arc  much  less  pronounced 


(see  Figure  2).  At  the  p.z.c.,  the  frictions  of  dipoles  in 
the  three  orientuions  are  equal  (Hguie  4).  Infact,the 
friction  of  dipoles  favored  bf  the  external  field  and  the 
fric^  "paraUel”  renoain  equal  up  to  tuber  high  charge 
densities.  These  results  again  demonstrate  the  ioqxrtance 
of  considering  lateral  intenctions  in  developing  models  for 
stdvent  structure  u  polarizable  interfrues. 

(jonmarison  of  the  present  results  with  experimental 
data  [2, 3]  Kids  to  the  conclusioo  tfau  the  presence  of 
chemisaM  witer  molecules  tt  the  interface  must  be 
considoed  in  developing  a  suitable  model  for  the  inner 
layer.  Furtha  results  for  the  interfacial  cap^ty  in  the 
presence  of  chemisorbed  "down"  dipoles  wall  be 
presented.  In  addition,  the  effect  of  increasing  the  size  of 
the  elementary  cluster  is  considered. 
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Figure  2.  Inner  layer  capacity  plotted  against  charge 
density  for  a  dipolar  monolayer  in  a 
hexagonal  lattice  (hex)  or  a  square  lattice 
(sq).  The  molecular  dipole  moment  was 
assumed  to  be  1.8  Debyes  and  the  dianwter 
0.32  nm.  Other  details  are  given  m  the  text 
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Figure  3.  Fractions  of  molecular  dipoles  in  a  hexagonal 
latuce  in  the  "up",  "down",  and  "parallel" 
orientations  plotted  against  electmle  charge 
density. 
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Figure  1.  The  arrangement  of  dipolar  splieres  in  (a)  a 
hexagonal  lattice  and  ^)  a  square  lamce. 

The  cenrers  of  four  adjacent  molecules  are 
joined  to  indicaK  the  uiuts  of  one  cluster  used 
to  develop  the  paration  function  for  a 
monolayer  of  dipolar  spheres. 


Figure  4  As  in  Figure  3,  but  for  a  square  lamce. 


